/home/hpi ORIGINAL RESEARCH ARTICLE penetration into the bearing of more than 0.1 mm/year and unlikely in patients with head penetration of less than 0.05 mm/year. Thus, alternative bearings were urgently needed to reduce wear and secondary osteolysis, thereby potentially improving the long-term survivorship of the implant.
Introduction
Osteolysis, secondary to particulate debris released from the hip articulation in metal on polyethylene bearings has been the most important clinical problem limiting the longevity of total hip arthroplasty (1) (2) (3) (4) (5) . Since the late 1990s, cross-linked polyethylene has steadily replaced conventional polyethylene in hip arthroplasty (5) . Highly cross-linked polyethylene (HXLPE) has also come to be widely accepted by surgeons as an alternative to hard-on-hard bearings for improving the wear resistance of hip arthroplasty (6) . It appears that HXLPE reduces the risk of osteolysis due to the improved wear characteristics which reduces particulate debris (7) (8) (9) (10) . Dumbleton et al (11) demonstrated, from a review of the literature, that osteolysis was likely in patients with head
Materials and methods
Between July 2008 and July 2009, all implanted Marathon® cemented acetabular components used in primary total hip arthroplasty were identified from our institution's electronic implant register. All patients' case notes were reviewed. Demographic data, follow-up data, implant data, complication and revision rates were recorded.
The indication for the procedure included osteoarthritis, rheumatoid arthritis, hip dysplasia leading to early degeneration and avascular necrosis.
Patients who had 22-mm internal diameter cups or radiographic follow-up of less than 24 months were also excluded. Only 28-mm CoCr or stainless steel metal heads were included.
Wear rates were calculated by applying the uni-radiographic technique to the latest follow-up postoperative anteroposterior (AP) radiographs. These were examined by a single investigator using the uni-radiographic technique. This was performed using the traumaCAD TM (Voyant health, Israel) software to measure wear rates.
Uni-radiographic measurement of wear
The uni-radiographic technique aims to measure linear wear of the acetabular component by comparing the relationship between the centre of rotation of the femoral head and the centre of rotation of the acetabular component. The centre of rotation of the femoral head and acetabular component are assumed to be identical at the time of initial implantation, taking into account radial clearance, which for metal-on-poly bearings is known in the literature to be around 0.15 mm (14) . The radial clearance for the Marathon® has been provided by the manufacturer, to be 0.15 mm for a 28-mm articulation. As creep and wear occurs secondary to cyclical loading, the acetabular component wears in an antero-supero-medial direction resulting in the centre of rotation of the femoral head migrating in this direction (14, 15) . This resultant linear migration distance is then measured as the linear wear in millimetres.
This measurement is facilitated by importing anteroposterior pelvis x-ray images into the traumaCAD TM software. The image is first calibrated, circles are then drawn around the femoral head and acetabular component and the distance between the centers is calculated. This distance equates to the wear.
Statistical analysis was carried out using SPSS 21 (Statistical Package for the Social Sciences).
Calculation of total linear wear
Total linear wear for each case was calculated as follows: measured linear wear-creep-clearance
Results

264
Marathon® cemented acetabular components were implanted over a 12-month period from July 2008 to July 2009.
Of the 264 patients, data was incomplete for 22. 6 patients had died during the study period, and 16 were lost to follow-up. There were 113 Marathon® cups with a 22-mm internal diameter and 151 Marathon® cups with a 28-mm internal diameter were implanted. For radiographic wear analysis only 28-mm acetabular components were included. All heads included in the analysis were metal.
Of the 151 patients with 28-mm internal diameter cups, there were 103 patients eligible for inclusion. The patient demographics are shown in Table I . There were 109/151 metal heads, 38/151 were ceramic, 4 unknown heads. 6 of the 109 metal 28-mm heads were excluded due to inadequate radiographic follow-up. A summary of the methodology for excluding these patients is shown in Figure 1 .
The associated stems were 121/151 cemented C-stem, 16 uncemented Corail, 7 were uncemented KAR and 7, unknown.
Mean radiological follow-up period was 46 months (range 24-57 months).
The overall mean wear was 0.37 mm (range 0.04-0.78 mm). Wear rates are given in Table II and Figure 2 demonstrates the wear rate over time.
Complications
There were no revisions for loosening or failure of the Marathon® cemented acetabular component.
5 patients were diagnosed with postoperative deep vein thrombosis (2.05%) and there was no incidence of pulmonary embolus. There were 2 post-op dislocations (0.8%). 9 superficial postoperative infections were identified of which none were deep infection.
Discussion
There have been a number of studies that have reported wear rates in HXLPE acetabular components (Tab. III). This is the first study to report the wear rates for the Marathon® (Depuy) cemented moderately cross-linked socket.
Our results show that at a mean follow-up of 46 months, the overall mean wear was 0.37 mm and the mean wear rate was calculated to be 0.03 mm/year (95% confidence interval [CI], 0.02-0.06).
This figure is similar to previously reported wear rates for the uncemented Marathon® component, which range from 0.06 mm/year, Kim et al (26) , 0.05 mm/year, Mutimer et al (16) , 0.03 mm/year, Bitsch et al (25) , to 0.01 mm year, Engh et al (13) and Callary et al (24) .
The wear rate is calculated by taking into account 2 important factors; radial clearance and creep. To measure true wear (26) reported 0.143 mm, all for the uncemented Marathon® cup. We used a modest figure of 0.15 mm of assumed creep for our calculations. The lowest figure reported is for the uncemented Longevity cup at 0.08 mm (23) . The graph of wear (Y-axis) and time (X-axis) shows the mean wear rate taking into account the 2 aforementioned factors. The graph starts at 0.15 mm (radial clearance), followed by the initial "creep" phase.
During the postoperative months, a large proportion of the total femoral head penetration is attributed to the beddingin process. This is known as "creep". The total magnitude of penetration during the early follow-up overstates true material loss, whereas the steady-state penetration after the early bedding-in period almost exclusively indicates material loss or true wear (28) . Several authors have studied this over a period of 2 years and have described a biphasic pattern of penetration (23, 28) . The first phase is rapid and creep-dominated but thereafter a much slower phase of penetration begins which is dominated by wear. In 2008, Glyn-Jones et al (27) performed an RCT randomising 27 patients to HXLPE (uncemented, Longevity, Zimmer) vs. a standard UHMWPE. Mean penetration after 3 years was 0.35 mm, while we found it to be 0.37 mm in our study. After creep was eliminated, the wear rate was calculated to be 0.03 mm/year for the HXLPE, which was the same as the cemented Marathon® cup in our study.
As discussed previously, the uni-radiographic technique does not take into account the radial clearance between the head and socket. This must then be factored into the calculation of wear, to avoid over-estimation of the linear wear and wear rate. The radial clearance for the Marathon® was provided by the manufacturer to be 0.15 mm (12). Our results of 0.03 mm/year are comparable to Bitsch et al (25) 0.03 mm/year and Kim et al (26) 0.06 mm/year whom have used similar manual CAD techniques.
There are a few reports of extremely low wear rates in the literature (Tab. III). Using RSA, Rohrl et al 2006 and 2012 (17, 18) studied wear in 8 patients with a follow-up of 6 and 10 years respectively. They found an annual wear rate of 0.006/year at 6 years and <0.002 mm/year at 10 years for the cemented, Crossfire HXLPE. Karrholm et al (19) reported the Durasul, cemented cup to have a wear rate of 0.005 mm/year using RSA. Digas et al (23, 30) performed 2 RSA studies comparing "cemented HXLPE vs cemented standard" and found the cemented Durasul cup to have wear rates of 0.001 mm/ year. The second study "uncemented HXLPE vs uncemented standard" found the Longevity to have a wear rate which was undetectable. The explanation here perhaps is the use of the more accurate RSA rather than the wear characteristics of the various HXLPEs studied. Table III cites wear rates from studies of XLPE in combination with 28-mm CoCr heads, thereby making direct comparison possible. From the data available, it would appear that there a number of variables that contribute to the reported wear rates. The most important factor is the radiation dose used to produce cross linking. Higher doses produce greater cross linking. Marathon® is best described as moderately cross-linked, having been irradiated at 5 mrad, as compared to the more highly irradiated Crossfire (Stryker) 7.5 mrad, Durasul (Zimmer) 9.5 mrad, Reflection (Smith and Nephew) 10 mrad and Longevity (Zimmer) 10 mrad. The more highly cross-linked cups appear to have extremely low wear rates in some studies using RSA. The wear rates for all cups including the Marathon® cemented cup in our study and uncemented in other studies are well below the 0.1 mm/year that has been shown to be a threshold for the development of osteolysis (11) . Moreover, some authors (31) (32) (33) have raised concerns about the effects of cross-linking on the mechanical properties of highly cross-linked polyethylene, which has decreased toughness and elastic modulus when compared with standard UHMWPE and is more likely to fracture. Furthermore, the production of free radicals is related to the radiation dose. Post-irradiation processing, involving either annealing or re-melting, is therefore used to try and eliminate any residual free radicals. These processes do not remove all free radicals, which can result in in vivo oxidation. Therefore, we would state that the moderate cross linking of the Marathon® appears to be a safe balance between significantly lower wear rates and minimising the risk of catastrophic failure.
Other factors that determine wear are the size of the articulation, follow-up period and method of analysis. Interestingly, Kadar 2011 (21) in their RCT compared the Reflection (Smith and Nephew) HXLPE with a 28 mm CoCr head to the standard Charnley Ogee (Depuy) articulating with a 22.225 mm Charnley stem, to find that the Ogee cup had a wear rate of 0.02 mm/ year which was lower than the wear rate of the Reflection HX-LPE at 0.03 mm/year. This highlights the complex nature of tribology, and the importance of head size in the process of wear.
The accuracy of wear measurement is dependent on the method used. We used the uni-radiographic technique to measure linear wear. The 2-dimensional (2-D) uni-radiographic technique has been described and assessed by Ohlin et al (34) and validated by Hui et al (35) . Hui et al showed that there was good agreement between the wear estimates made with both in vivo techniques and the measurements of the retrieved polyethylene liners made with the coordinate measuring machine. It was also shown that 2-D wear analysis (based on anteroposterior radiographs) accounted for most of the volumetric wear (34) . A review of radiographic wear analysis techniques by Rahman et al (36) reported accuracy levels as high as 0.17 mm for uniradiographic techniques. This was comparable to Devane's 3-D computer-assisted analysis which had an accuracy of 0.15 mm.
The other techniques available are computerised edge detection software (e.g. Martel hip analysis suite, Devane's Poly-Ware, and the more accurate Wrightington Hip Analysis software) and radiostrereometric analysis (RSA). All 3 edge detection techniques have been used and published in the literature. However, computer-assisted edge-detection techniques offer improved accuracy and precision compared with manual techniques (37) . Radiostereometric analysis (RSA) offers improved accuracy and precision compared with the computerised edge-detection techniques. Hui et al (35) reported the precision for 2-D wear measurements using PolyWare and the Hip Analysis Suite to be 0.414 mm and 0.242 mm,respectively. Although RSA is an extremely precise method for wear analysis (19, 38) , its use has been limited by its expense, its requirement for prospective assessment, and the expertise required for analysis (37) .
We were limited to using the manual uni-radiographic technique as we have recently shown that the "double-D shaped" wire markers such as those present in Marathon® cups cannot be used for mathematical modeling of wear as the open-ended semi-elliptical image of the wire marker prevents accurate determination of the centre of the ellipse, thereby negating its use for wear measurements in the Marathon® cups.
Our current study is one of the largest series reporting wear rates in the literature with 101 patients. The number of patients included in the previous studies is generally low, varying from 10, Rohrl et al 2006 Rohrl et al , 2012 to the biggest series by Bedard et al (39) with 150 and Engh et al (13) with 86. Follow-up ranged from 2 years Kadar et al (21) to 10 years Rohrl et al (18) . Ours was early to medium follow-up with a mean of 46 months. Analysis of the current literature fails to show any correlation between wear rates and type of fixation of the cup either cemented or uncemented. The literature supports very low wear rates for both. However, there have been no RCTs comparing cemented vs. uncemented HXLPE which is a consideration for future wear related research.
Conclusion
This is first study to report the wear rate of the cemented Marathon® prosthesis, and one of the largest studies reporting wear rates in cross-linked acetabular components in the literature. We found that the Marathon® cemented acetabular component exhibits very low wear rates at medium-term follow-up. The wear rates are comparable to the uncemented Marathon® and other HXLPE cups in the literature. Our data supports the use of this implant in primary total hip arthroplasty.
